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Abstract

A design-oriente@dnalysis capability foaircraft fuselagestructures that utilizesquivalentplate methodology is
described. This new capability ismplemented as an addition the existing wing analysiprocedure in the
Equivalent LaminatedPlate Solution (ELAPSgomputercode. The wing and fuselage analyseare combined to
model entire airframes.

The paper focuses on the fuselage model definition, the associated analytical forranitienapproach used to
couple the wing and fuselage analyses. The modeling approach used to minimize the amount of prepagaiion of
data by the user and to facilitate the making of design changkesésbed. The fuselagenalysis isbased orring
and shell equations but the procedure is formulated to be analogoususdtifatr plates inorder totake advantage
of the existing code in ELAPS. Connector springs are used to couple the wing and fuselage models.

Typical fuselageanalysis resultare presentetbr two analytical models. Resultsfor a ring-stiffenedcylinder
model are comparedvith results from conventional finite-element analyses to assesactiugacy ofthis new
analysis capability. The connection of plated ring segments iglemonstratedising asecondmodel that is
representative of the wing structure for a channel-wing aircraft configuration.

Nomenclature ¢ = angle between Cartesian and shell coordinates
1% = Poisson'’s ratio
b, h, z = dimensions of rectangular portion of ring Q = strain energy
cross-section [see Fig. 3] ?] = circumferential coordinate
E = modulus of elasticity () = denotes differentiation, e.gv,, = dw/dx
ke = spring stiffness W, = d?w/dX
Q = lamina stiffness matrix
r = radius of shell reference surface
R,, R, =radii of curvature in meridional and Introduction
circumferential directions
S = meridional shell coordinate During the conceptual design of aircraft, many
t = thickness of cover skin layer alternative configurations must be evaluated in
u,v,w = displacements in Cartesian coordinates multidisciplinary design trades to determine the
u,v,w =displacements in shell coordinates characteristics of @&andidateconfiguration whichwill
X,y,z = Cartesian coordinates best meet specified measures ofoverall vehicle
5589 = deflection of segment at spring connection performance and/ocost. Airframe weight is the key
£, = strain in meridional direction parameter that is requirdcbm the structures discipline.
& = strain in circumferential direction The airframe should be lightweight but alsdave
£ = shear strain sufficient strengthand stiffnessnecessary taatisfy all
the requirements throughout the flight envelope.
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Aeronautics Systems Analysis Division, Airframe Systems Program . .
Office. Associate Fellow AIAA. are available to modeland analyze the static and

Copyright © 1998 by the American Institute of Aeronautics and  dynamic response of airframes in great detdlibwever,
Astronautics, Inc. No copyright is asserted in the United States .
under Title 17, U.S. Code. The U.S. Government has a royalty-freeSUCh analyses ofterequireseveralmonths togenerate

license to exercise all rights under the copyright claimed herein for the finite-elementmodel andrepetitive analyses can be
Governmental Purposes. All other rights are reserved by the . . . ..
copyright owner. computationally expensive. With the objective of

1

American Institute of Aeronautics and Astronautics



reducing design-cycle time, equivalent plate
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The shell segmentsre defined over quadrilateral

methodology* has been developed and used for analysisegions with boundary edges atonstant values ok

of aircraftwings andempennage structures duriagrly
phases of design. larder to model entire airframes,
similar capabilities are needed for modeling other
structural components.

This paper describes a design-orientexhalysis
capability for aircraft fuselagestructures. This new
capability has been implemented as aftition to the
existing wing analysisprocedure inthe Equivalent
Laminated Plate Solution (ELAPS)computer codé.
Thus, the wing and fuselage analyses are nombined
so that entire airframes can be modeled.

The paper focuses othe fuselage model definition,
the associatedanalytical formulationand the approach
used tocouple the wingand fuselageanalyses. The
modeling approach used teninimize the amount of

along the lengthand atconstant values oB in the

circumferential direction asshown in Fig. 2a.
Segments for halairplane modelsthat are symmetric
about thex-z plane,are often definedwith 8 extending
from -T2 to +1/2. An appropriateset of boundary
conditions must be applied 8t -T2 and atf = +10/2.

Small segments with aegative thicknessan be
superimposed on thedarger segments torepresent
cutouts such adoors orwindows. Theradius of the
reference surface for the shell is defined polynomial
function along the length of the segment.
r(X) =1y + nX+ X2 + 13 +L +1,x"

1)

The skin of the shell segments consist of orthotropic

preparation of input data by the user and to facilitate th?ayerswith the thickness obach layerbeing defined

making of design changes idescribed. The fuselage
analysis isbased onring and shell equationsbut the
procedure is formulated to be analogous to tisad for
plates in order to takadvantage ofhe existingcode in

independently by atwo-dimensional polynomial
function along the length and around the circumference.

t,(X,0) = tog + tioX + tooX? + 10 +L +1t, x"0"

)

ELAPS. Connector springs are used to couple the wing

and fuselage models.

analytical models. Resultlor a ring-stiffenedcylinder
model are comparedvith results from conventional
finite-element analyses to assess #oeuracy ofthis

new analysis capability. The connection of plate an

ring segments iglemonstratedising a second model

that is representative of the wing structure for a channe

wing aircraft configuration.

Analytical Modeling

Fuselage structures are modeled as ring-stiffehed
segments, typical of transpaatrcraft construction, as
shown in Fig. 1. Each shell segment isused to
represent largeegions of a fuselagand only a small
number of segmentsre typically used to model an
entire fuselage. These segmeritave circular cross

sections with aradiusthat varies along the length to

representrearuling andthe neckingdown in the fore
andaft regions of a typical vehicle.

material. The properties of the layean bedefined to
represent composite laminates or asmeared
representation oflongerons.  Fuselagdrames are

modeled with rings having cross sections that are

composed of multiple rectangles.

2

Typical fuselage analysis results are presented for tw;

The skin of the
shell segmentsare composed of layers of orthotropic

Orientation of the stiffness propertiand corresponding
fickness are specified for each layer, and the
orientations and thicknessean be different irdifferent
shell segments.

c!:uselageframesare modeledvith rings havingcross

sections that are definegsing up tothree rectangles so
f_hat a variety of shapeg.g., zee, tee,cee) can be
represented. Arexample of azee cross section is
shown in figure 3 that indicates the width, height, h,
and the distance dhe centroidfrom the shellreference
surface,z, must bedefinedfor each rectangle in the
cross section. The dimensions of cross sectioreackt
end of ashell segment must taefinedalong with the
total number of framed\, to be equallyspacedalong
the length of the segment. At frames betweenetius,
the cross sectional dimensioaeinterpolatedusing a
linear variationbetweendimensions of rectangles that
aredefined atthe ends of ashell segment. During the
analysis, thebending and extensional stiffnesses of
theseframesare smearedver thesurface ofthe shell.
This smeared approximation provides improved
computational efficiency. Individual, discreteframes
can bemodeledusing additional narrowshell segments
with a width equal tothe width of thediscreteframe
shell. Thebehavior ofdiscrete framesvill be closely
approximated whethe frame stiffnessesare smeared
over thesenarrow segments. The option of using
discrete or smearednodeling can beused to trade
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accuracyfor computationakpeed, a desirable feature of
design-oriented analysis methods. and dA =rd6ads (8)

where 8 is the circumferential coordinatand s is the
Analysis Procedure meridional coordinate. The displacememt is normal
to the shellreferencesurfaceand the displacementsu
The analysis procedure is based on the Ritz method ahd V are in the meridional and circumferential
which the deflection of the structure isdescribed by directions respectively. lorder to make thefuselage
assumedpolynomial displacementfunctions. Axial, shell formulation be analogous to the plate formulation
tangential andadial @, v, W deflectionsaredefined in  for wings, quantities in thesestrain-displacement
terms of functions in the axiak, andcircumferential, —equationsare transformed tahe Cartesiancoordinate
6, coordinates orthe surface of ashell segment as system shown in Fig. 2b.  Formulatingnergy
shown in Fig. 2b. Note that theradial deflection is expression in this form, facilitates the coupling of the
defined to benormal to the x-axis rather than the shell and plate segments. = The quantities in the
conventional definition of being normal to the shell expression for strain energy after transformation are
surface. This definition of radial deflectionfacilitates

the coupling of shell segments to plate segments. The £ = (u,y +r,x\/\/,x)/(sﬁx)2 (9)
assumed displacement functicenre substituted into the £ = (V.g +w) /r (10)
expression for total energy. Thisquation is

differentiatedwith respect to each dhe displacement €so = (u’9 Tl VIV Ty W’9)/(rsx) (11)
function coefficients taninimize the total energy. A

set of linear, simultaneousquations isproducedthat ~ and dA=rs,, dédx (12)
can be solved for the desired set of unknown polynomial

coefficients. These coefficienre used to calculate where s = /1+r2 (13)

deflections, strains and stresses at a user specified grid of
points over the surface of the shell segments.

The totalenergyconsists of the straienergy of the
structure and the virtual work associatedwith the
applied loads and assumed displacenfignttions. The Strain Enerav of Ring Frames

strain energy of the structure has contributions from the onlv_in-olanedisol ts ofhe rina f
shell segmentand the frames. Only theanembrane . ny iN-planedisplacements othe Ting frames -are
included inthis formulation;out-of-plane bending and

energy ofthe shell isused while energiesassociated torsi lected. Th | i for th
with both extensiorand bendingare includedfor the orsion aré negiected. The general equations for the
strainenergy of aring aregiven in Ref. 6 in terms of

ring frame. The straiequationsare derivedfrom ring . , .
the same Cartesiatpordinatesystem that isused for
and shell theory. . . . .
the shell in the preceding subsection. Therefore, the in-
plane contributionsare taken directly from these
equationsand arewritten in the nomenclature dhis
paper as
Qring :]7/219 IA{gr}[Er]{gr}rdAde (14)

The details of the transformatiqgmocedure argiven in
Appendix A.

Strain Energy of Shell Segments
The membranestrain energy of ashell segment is
given as

Qqal =Y2[[, {8 T[Ql{}dA ®)

where where & =(rv,g +1w + 2v,g —2W,g9 ) /1? (15)

(8" ={e; & &} (4)
andArefers to the cross section of thieg. The first
and seconderms in Eq. (15) give thmembrane strain
in the ring andare seen to be the same as for the shell

Strain-displacement relatiormd the differential area in
terms of conventional sheltoordinates aregiven in

Ref. 6 as as given in Eq. (10). The thimhdfourth terms in Eq.
P (15) give the bending strain in the ring. In thresent
& :Lis +W/?1 _ (5) formulation, it is assumed that the cross sectiorach
€9 = V_'e/ r+ u_r,s/ r+ W/R, (6)  ring is constan@roundthe circumference. Therefore,
Esp =U,g /I +V,g = VI /1 (7)  the properties of the ring cross section given by the
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integrals[AzidA; i =0,1,2 that occur in Eqg. (14) are computationally efficient in applications of the

not a function of@ andcan be readily evaluated and €duivalent-plate analysis. This approximatapproach

summed for theectanglesused to define aing cross Was readily implemented in the ELAPS caated offered
section. efficiency advantages ovélne conventionaapproach of

using Gaussian integration that wased toimplement

Implementation of Method similar ring-frame energy equations in Ref. 7.

A goal in this developmentwas to make the .
formulation of the new, design-oriented fuselage Conngctmq Structural Segments
analysis method analogous to the formulation that was SPTing elementare used toconnectthe structural
used in theequivalentplate analysis method favings. ~ S€gments that comprise an airframe model. Useici

This approach facilitates the implementation of the twoSPings toconnectadjacentshell elements alongheir
analyses in a single version of tE&APS code. In common circumferential boundaries is illustrated in Fig.
particular, proceduresthat were developedfor plate 4 A typical connection is shown by the springs that
analysis are also used in shell analysis. One example &€ located along circumferential boundarieshef shell
the use of the special library of subroutines that existSegmentbetweenthe second andourth rings in the

in ELAPS to perform the operations ofaddition, illustrative figure. In additior], th.e springs that are
subtraction, multiplication, ~differentiation and Shown located along the longitudiriadundary areised

integration of the terms in thaigh-order, lengthy t© imposeappropriate boundargonditions at theplane
polynomial expressions that result whgeometrical ©Of Symmetry. Translational springs in tkey, andz
functions and assumed displacemeniunctions are dlrgctlons and a ro'Fathna}I spring aboutxkexis can be
substituted into theenergy equation. Use of these ~defined at eackocationindicated bythe symbols. The
subroutines allow all operations to performed in an rotatlpnal springs are useql to connect the plrcumferentlal
exact, closed-form manner and result in a bending deformatiorthat is governed byring frame
straightforward, simplifiedcoding implementation of Stiffnesses ofadjacentshell segments.  The strain
these lengthy, tedious polynomial expressions. €N€rgy ofsuch connectorshetweensegment A and
However, inorder touse these special subroutines, allS€9ment B is given by

expressions must be in polynomial form. )

Unlike the strains for plates, the strains for shells and Qgpring = 1/ 2ks (5segA - 65993) (16)
rings contain terms that cannot bepressed irstandard
polynomial form. Functions of the shell radiusthat
is expressed as a polynomial in Eq. (1), @wetained in
the denominator of expressions ftre shelland ring
strains, Egs. (9), (10), (1Bnd(15). In addition, the
quantity s,, in Eqg. (13) is thesquare root of a
polynomial that cannot benanipulated by thespecial
set of subroutines. The ternmigr and s,, are both
functions of the shell radius. lorder to beable to
utilize the advantages ofthe special subroutines,
guantities containing these terrage approximated by
standard polynomial functions. Each quantity
containing these terms isvaluated at aet of points
along the length of duselagesegmentand aleast-
squaredfit is madethrough these points to obtain a
polynomial that approximates the origingeometric
guantity. The resulting polynomiatan be combined
with other polynomials in the straianergy equations

using operators in the speciaubroutines. This points along the intersection of two segmergisice

procedureallows closed-formintegration to beused 10 poth the model geometry and the assumed displacements

form sets of integral tables that are subsequently used g yefined ascontinuous functions over theegments.
assemble the stiffness matrix for the structuraldel. |qividual springs can bedefined aswell as a set of

This procedurehas beendemonstrated to be very evenly-spacedsprings along a segmergdge. This
4

wherespring stiffnesses,, aredefinedfor each of the
three translations and the rotation. In tigplacement
quantities,dseqn and d,¢4p the radial andcircumferential
displacements of ashell must betransformed to
displacements inthe y and z directions before
calculation of the spring’s contribution to the global
stiffness matrix. When the springs arsed to imposed
boundaryconditions on a model, thdisplacements for
one of the segments is takenhavethe value ofzero.
These connectosprings are also used to connect
adjacent plate segments by locating translations springs
at the upperand lower surfaces oftheir common
boundaries.

Finally, theseconnectorspringsare used to connect
shell segments to plate segments. Typical shell-to-
plate connectionareshown in Fig. 4. The connector
springs do nothave to belocated atany particular
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method of connecting segmentsovides significant finite-element model (FEM). Anaximumpower of 8
versatility for constructing modelsand facilitates was used onthe x and 6 terms in the assumed
making design changes such as shifting the longitudinalisplacementunctions foru, v andw in the ELAPS
location of the wing/body intersection. Such analysis. Results are shown for thaifferent levels of
definitions and modifications are time-consuming and FEM modeling refinement. The enticgcumference of
difficult to automate wherusing conventionafinite-  the cylinder was represented inthe FEM, not a
element methods. symmetric half-model. Theylinder wall wasmodeled
using a single row of finite elements between the rings.
The leastrefinedmodel, FEM 1,had 12joints around
Applications and Results the circumference and four constant strain triangle®
usedfor eachskin element as in Ref. 8Linear strain
The fuselage structurahnalysis procedurewill be  quadrilateralelementsvere used tamodel the cylinder
applied to exampleghat illustrate varioudeatures of wall in FEM 2 and FEM 3 with the number of
the new method. Two examplese presented, (1) a circumferential joints increased to 24 inFEM 3.
ring-stiffened cantilever cylindethat is used toassess Agreement betweethe displacements fronthe most
the accuracy of the fuselage formulatiamd (2) a plate- refinedFEM model , FEM 3, and displacements from
ring model that is used to demonstrate the connection &LAPS is within 5 percent.

plate and ring segments. The rings in the finite-element modeise modeled
with straight beam elementbetweenjoints in the
Cantilever Cylinder Model circumferential direction. A comparison of the

An example application of @ng-stiffened cantilever moments in ring 1 from the ELAP&nd FEM 3
cylinder that has been studied in Refs. 8 and 9 is showanalyses are shown in Fig. 7. Similar resédisrings
in Fig. 5. The cylinder has a length of 60.0 imadius 2 and 3 are shown ikig. 8. The curves fomoments
of 15.0 in. and awall thickness of 0.032 in. Four from ELAPS are in good agreementith the curves
stiffening ringsare evenly spacedalong the length of from the FEM analysis. The largedifferences occur
the cylinder. Theserings have a rectangular cross- On the ELAPS segmerftoundaries a8 = -90° and® =
section with a height of 0.78 in. and a width of 1.00 in.+90". The difference a# = -9C on ring 2 is the largest.
The material in both theylinder wall and rings is It appears that thdisplacementunctions that span the
aluminum with a Young’s modulus & = 10.6 x 16  entire half modelused by ELAPS give a good
psi and a Poisson’s ratio of = 0.33. Thecylinder is  representation of the overatloments buprovide less
modeledwith a single shell segment that spans theaccuracy in localizecareas. ~ Comparisons of the
entire length. Only half of the cylinder is modeled sincedistribution ofshearstresses in theylinder wall from
symmetry boundary conditions are applied by ELAPS and the FEM 2nalysesareshown in Figs. 9
constrainingdeflections inthe y-directionandrotations ~and 10. These sheastressesare evaluated mid-way
about thex-axis along shell edges in thez plane, atd ~ between rings hnd 2for Fig. 9 andmid-way between
=-90 and atf = +9¢°. The four ringsare modeled as rings 2 and 3 in Fig. 10. There is good overall
discretemembers by smearing their stiffnge®perties agreement in the curves from both methods.

over 1.0 in. wide shell segments atach ofthe ring The comparisons of displacements, moments and
locations. shear stresses for the ring-stiffened cylinder inditade

the new design-orientedanalysis method inELAPS
Cantilever Cylinder Results provides adequateaccuracy for use during conceptual

A static analysis is performed with a radial point loagdesign.
of 1000 Ib. in the positive-direction atthe free end. )
The deformedshapes of rings 1-3 from thELAPS  Plate-Ring Model
analysis are shown in Fig. 6. THisplacement values  The second example application is a plate-nuglel
were multiplied by a factor of 40 for illustrative  shown in Fig. 11. Ahalf-cylinder is connected to two
purposes. The ring-stiffenexylinder was alsoanalyzed plates todemonstratehe connection of platend ring
using a conventional finite-element metifodIn Table segments.  This relatively simple example is
1, numerical values afdial displacements af = -9C, representative ofmore general plate-shell connections
0°, and +90 on the free end that are calculatesing the  since thebending of platesegmentsare reacted by the
ELAPS model are Compared/vith results from the bending stiffness of the rings inséiffenedshell. The
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platesare connected tthe ring by sets otonnecting
springs shown as the large, sobifcular symbols.
Clamped boundargonditionsareimposed at thenner

carried by theing segmentandthe corresponding plate
segment in the cantilever plate model. Tensile stresses
in lower surface ofthe cantilever plate model is the
edge of the inboard plate. The thicknesses oufiper  result of only theappliedmoment on the plateross-
andlower skins of the platesand the innerand outer  section that is produced by theplied pressure loading.
flanges of the ring have a constant value of 0.20 inche&tresses in the outer flange of ttieg segment is the

The material properties of aluminum from theevious
example are used for analysis purposes.
dimensions of thisplate-ring structureare constant in
the direction normal to the cross-section showrriig.

result of theappliedmomentand avertical component

The of force. This vertical component @drce increases the

outer flange stress in the outer’Qrtion of the ring
and decreases the stress in the innép8fiion.

11. Therefore, only a strip of unit width is modeled.
Although the geometry of thignodel has been
simplified for illustrative purposes, it is stifomewhat
representative of a semi-span wing model fahannel-
wing aircraft configuration. Channel-wiragjrcraft have
been investigated becausetbéir potential benefits for fuselage structures is described. The analytical model is
short take-off and landing operatiortd An engine is  defined using polynomial functions that minimize the
mounted inside of the semi-circle. The high velocity ofamount of input data preparation and also facilitate any
the airflow in thesemi-circular regiorthat is produced  subsequent modifications that are made to the model
by the enginegeneratesncreasedift overthat portion during design. The analysis is based on the Ritz
of the wing at low velocities of the aircraft. method and uses strain-energy equations from ring and
shell theory. Example results are presented to indicate
that the accuracy of this new structural analysis method
is sufficient for use in conceptual design. The use of
pressure load applied the outboardplate segment for connector springs to couple plate segments and ring
illustrative purposes. The verticaleflection of the segments is demonstrated. The capability to couple
plate-ring model isshown as a function of semispan ring-stiffened shell segments with plate segments
location in Fig. 12. The deflection ofthe plate-ring  within the ELAPS code provides a new design-oriented
modelshown by thedashedcurve is compared to the tool for modeling and analyzing entire airframes.
deflection of a cantilever plate model shown by the solid
curve. The cantilever plate has an ovetatigth of
250.0 in. and a constant depth of 10.0 in. Eh&PS
modelused to generatine solid curve was created by
replacing thesemi-circularring segment with &a00.0
inch long plate segment. Tldeflection ofthe plate-
ring model is greatethat the cantilever platemodel
becausehe flexibility of the 100.0 in.diameterring
segment igyreaterthan that of a 100.0 in. longlate
segment.
The tensile stress in the loweover of the plate
segments and outer flange of the ring segment is shown
as a function of semispan locationfig. 13. Again,
the stresses for the plate-ringpdel are comparedvith
stresses for the cantilever plate model. The stresses for
both the inboard and the outboard plate segments are the
same for both models since thendingmomentsfrom
the applied loads are the same. However, the stresses in
the outer flange of theng differs from the stresses in
the lowerskin of the cantilever plate model. This
difference is caused by the manner in which ghessure
loading that is applied tothe outer plate segment is

Concluding Remarks

A design-oriented analysis capability for aircraft

Plate-Ring Results
A static analysis iperformedwith a 1.0 psiupward
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Shell Strain Coordinate Transformation
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The detailed steps of transforming the shell strains in

shell coordinates oEqgs. (5)-(7) to strains in Cartesian
coordinates are presentedthis Appendix. First, the
displacement®l, V andw in shell coordinates and the
displacementsl, v, andw in Cartesiancoordinates are
considered. The circumferential displacemendse the
same in bothcoordinatesystems, i.e.,V =v. The
remaining two sets dadisplacementsre shown in the
following sketch.

The transformation equations between the two sets of
displacements are

U0_Ocos¢ sing U0

= A.l
SuH Rsing cosp v A0

The trigonometric terms in Eq. (A.1) can be converted

to differential form using the quantities shown in the
next sketch

u

e

dr

ds

¢

/A

cosp = dw/ds = 1/s,
sing = dr/ds = (dr/dx)/(dg/dx) =r,,/s,.

= U

dx

with
and

Substituting Egs. (A.1) in differential form into Egs.
(5)-(7) gives

7

_0 g0 i
€= H(’SS_EHJ * XisUs +Hvss+_9"’+ lsWs
(A.2)
E S —bD 6 D'g _vsD
90 TREYT THr RE @Y
€ = (XisUpg —T,gV + IV, +1, Wig ) /1 (A.4)

Now, the derivatives of quantities, [ ], with respecsto
are expressed as derivatives with respext to

5 e ds | /s (A5)
and

d | d _ ~
[ ]’53: [d)]( d_); :[ ]’XX S’X2 _[ ]vx S'xgs’xx (A.6)

Next, thedifferential quantities in sheltoordinatess,,
ands,,, are converted to differentiatjuantities in the
radial coordinate,r,, and r,,,, using the differential
relation from consideration of the preceding sketch

ds? = dx? + dr? (A7)
or s2=1+r,2 (A.8)
then Sy = \/m (A.9)
and s,)o(:r,xr,)o(/\,“"m (A.10)

The shell curvatures, R{ and 1R,, in shell coordinates
can be expressed in Cartesian coordinates as

1 -r

I LT A1l

R (1+rg) A
and = L_cosp_ 1 (A.12)

R, r rs,y

Substitution of Egs. (A.5)-(A.12) into Egs. (A.2)-(A.4)
gives the strain equations in Cartesian coordinates as
shown in Egs. (9)-(11). Note that values of zeros are
obtained when the coefficients for thandw
displacements in Eq. (A.2) are evaluated. Similarly, the
coefficient of theu displacement in Eq. (A.3) is found

to be equal to zero.
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Table 1. Comparison of displacements

Model Radial displacement of free end
0=-90 =0 6=90C
ELAPS -0.2056 0.1177 -0.0671
FEM 1° -0.1903 0.1030 -0.0601
FEM Z -0.1982 0.1086 -0.0644
FEM 3 -0.2037 0.1098 -0.0660

2The ELAPS model uses maximum power of 8&a@nd6 in the displacement functions.

® FEM 1 has 12 joints per ring and four constant strain triangles are used for each skin element.
¢ FEM 2 has 12 joints per ring and linear strain quadrilateral elements are used for the skin.

4 FEM 3 has 24 joints per ring and linear strain quadrilateral elements are used for the skin.
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I

Frame cross-section defined

Membrane shell with using three rectangles.
layered composite skin.

Fig. 1 Analytical modeling of fuselage structure.

Z
w(X, 0)
r(x, 0)
u(x,0) \Vv(x,9)
Y

(%, ) /

(a) Geometry definition (b) Displacement functions

Fig. 2 Shell segment definition.
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(
reference

Z
surface

Frame 1 o0 0 Frame N

Between ends of segment.
b —|-<—>‘ i * N equally spaced frames.
* Dimensions vary linearly.
* Shell
h

Fig. 3 Fuselage frame definition.

Side body

AN

e Connector springs

Fig. 4 Coupling of segments using connector springs.
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15" Ring 1 2 3 4

F=1000 Ibs * 401

Fig. 5 Cantilevered ring-stiffened cylinder.

RING 1

RING 2

RING 3

ORIGINAL

Fig. 6 Ring displacements.
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Fig. 7 Moments in ring 1.
--0-- ELAPS, RING2
M —sa—FEM, RING2
oment ---A-- ELAPS, RING3

—e—FEM, RING3

-600 . : . . : :
-90 -60 -30 0 30 60 90

0,degrees

Fig. 8 Moments in ring 2 and ring 3.
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—a—FEM
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Stress,
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400
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-400 : . . . . .
-90 -60 -30 0 30 60 90
0, degrees
Fig. 9 Shear stress between ring 1 and ring 2.
1200 r
800
Stress,
psi
—a—FEM
400 —--o—-ELAPS
N /{
0 NS
-400 : : : : : |
-90 -60 -30 0 30 60 90

0, degrees

Fig. 10 Shear stress between ring 2 and ring 3.

13

American Institute of Aeronautics and Astronautics



AIAA-98-1749

T

10.0

i

10.0

Fig. 11 Plate-ring model of channel wing structure.

50
40 ad
”
30 |
Deflection,
n CANTILEVER PLATE
20 ———-PLATE-RING
1.0 f
0.0
0 50 100 150 200 250
Semispan location, in
Fig. 12 Vertical deflection of wing structures.
10000
8000
—4a— CANTILEVER PLATE
6000 r ---0-- PLATE-RING
Stress,
psi
4000
2000 f
0 . . . . a
0 50 100 150 200 250

Semispan location, in

Fig. 13 Stress in lower cover skin.
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